We examined the role of wave-driven circulation relative to wind and buoyancy forcing in a coral reef-lagoon system. Circulation measurements in Paopao Bay, Moorea, French Polynesia, during austral summer show the importance of waves in driving flows over the reef crest, through the lagoon, and out the reef pass. Tides were comparatively weak, due to proximity to amphidromic points, and exhibited an unusual spring-neap cycle where the major lunar tide modulated the major solar tide, and the overall tidal phase stayed approximately constant. Wind had only a secondary effect compared to surface waves. A simple fluid mass balance indicated rapid flushing of the shallow back reef and export through the reef pass, and a reef capture zone width of ,2.3 km. The reef pass circulation dynamics exhibited two-layer baroclinic exchange flow when waves were small, which was suppressed during large wave events. The unusually weak tidal forcing provided an opportunity to more closely investigate wave-driven circulation dynamics. As expected theoretically, there was a wave-driven setup of the free surface across the shallow lagoon, which drove a highly frictional flow, evident by a large drag coefficient C D < 0.1. Diverging from extant theory, the observed setup varied strongly with significant wave height and period. Overall, the circulation and exchange between this coral reef system and the adjacent open ocean were largely determined by episodic remote-forcing events and differed significantly from periodic tidal-exchange mechanisms.
The physical mechanisms driving circulation of coral reef-lagoons systems and lagoon-ocean exchange can influence the transport, dispersal, and retention of larval fish, corals, and other invertebrates (Dight et al. 1990; Black 1993; Cowen et al. 2000) , the supply of nutrients (Hatcher 1997; Falter et al. 2004) , phytoplankton (Yahel et al. 1998) , and zooplankton (Yahel et al. 2005) to the reef, as well as the flow of sediment from the watersheds connected to reef lagoons (Douillet et al. 2001) . These physical mechanisms can span a wide range of scales, ranging from an individual coral colony to the reef, island, and basin scale (Monismith 2007) . The time-dependence of the circulation can also be important. For example, circulation and exchange forced predominantly by tidal fluctuations vary at predictable periodicities, while those controlled by wind-and wave-driven flows can be episodic and subject to seasonal variation in both local and remote forcing. Thus, physical and biological processes dependent on lagoon to open-ocean exchanges may be relatively predictable in some settings and at some timescales, yet far more episodic and/or stochastic in others.
Previous studies of coral reef circulation have focused on a variety of physical forcing mechanisms. Tidal forcing is ubiquitous on coral reefs; in addition to the expected tidal currents, the interaction between tides and complex bathymetry can result in periodic reef-scale circulation features such as tidal jets and eddies (Black and Gay 1990; Young et al. 1994) . Other reef systems, such as atoll lagoons, are more strongly influenced by wind stress (Tartinville et al. 1997) . Unlike the tides, wind stress forcing can remain steady for extended periods, particularly for reefs in trade-wind regions (Lowe et al. 2005 ). Buoyancy forcing is nearly always neglected in studies of coral reef circulation, but since reefs typically exist in regions of large heat fluxes, there can be significant diurnal fluctuations in water temperature leading to density-driven circulation (Monismith et al. 2006) . Buoyancy can also have an episodic component, varying with synoptic weather and freshwater inflow; however, this effect has not been well studied. Surface waves are often the dominant forcing mechanism on shallow reefs (Brander et al. 2004; Lowe et al. 2005; Callaghan et al. 2006) , and they usually add an episodic component to one or more of the forcings described previously.
Considerable attention has been given to wave-driven circulation on reefs. The basic theory arises from Longuet- Higgins and Stewart (1964) , who showed that spatial gradients in wave radiation stress could provide the forcing to drive mean flows. Tait (1972) showed that on a coral reef, the observed superelevation of water above the mean sea level (or ''setup'') could be explained by a balance between the radiation stress gradient and setup. Subsequent studies showed the importance of bottom friction in the momentum balance, initially using linear formulations (Symonds et al. 1995; Hearn 1999 ) that permitted a mean flow to develop. Gourlay and Colleter (2005) extended these studies by using nonlinear bottom friction and included finite-amplitude effects. Other recent studies have shown that these basic ideas are complicated by the presence of tides, which can modulate the wave-driven flow (Lugo-Fernandez et al. 1998; Callaghan et al. 2006) . Moreover, the setup can be nonmonotonic in the acrossreef direction due to irregular bottom topography on the back reef (Jago et al. 2007) .
Several questions remain in forming predictive models of coral reef circulation, particularly with respect to isolating the effects of waves vs. tides, the role of buoyancy in the presence of wave-driven flows, and in quantitative testing of existing theoretical predictions of wave-driven flow. Here, we focus on the reef-lagoon system in Paopao Bay (also known as Cook's Bay) on the north shore of Moorea, French Polynesia. The site of numerous biological and ecological studies (Holbrook and Schmitt 2002) and a newly established coral reef Long-Term Ecological Research (LTER) center, Paopao Bay has three geomorphic features found in many coral systems: a barrier reef, a shallow back reef lagoon, and a narrow deep pass connecting the back reef lagoon to the ocean. Because tidal amplitudes in this area are small (on the order of 0.15 m), our hypothesis is that circulation through the reef flat-lagoon-reef pass system is driven primarily by surface gravity wave forcing (Hearn 1999) , which is modified by wind stress and buoyancy. From a conceptual standpoint, we can think of this exchange process as having three components: (1) the wave-driven flow over the reef and through the shallow lagoon; (2) the return flow through the pass; and (3) the momentum jet that exits the pass into the prevailing alongshore flow and is at least partially reentrained into the reef-lagoon system by wave-driven flow. These three elements combine to the form the overall circulation pattern and thus determine the rate of water exchange between the lagoon and adjacent open ocean. Moreover, because the lagoon mean depth (,25 to 30 m) is generally less than that of the mixed layer offshore (Delesalle et al. 1998) , during periods of heating, it will generally be warmer than waters offshore. As a result, buoyancy-driven flows may also be important in water exchange (Symonds and Gardiner-Garden 1994; Monismith et al. 2006) . Thus, we also look at the effects of waveforced flow on stratified exchanges between the lagoon and the ocean.
We discuss this circulation, particularly aimed at addressing the following questions: (1) What are the wave and tidal conditions during austral summer, and how large is the wave-driven circulation compared to tidally induced motions? (2) What is the flux of water over the reef crest and into the lagoon, how does it depend on the wave forcing, and what integrated length of reef crest produces the flow that eventually exits the pass? (3) What is the residence time of fluid in the lagoon? (4) How does buoyancy affect circulation in the reef pass? (5) If the system is largely driven by remotely generated waves, how well is the lagoon circulation predicted using existing wavedriven circulation theories?
Methods
Field site-Circulation and water mass property data were collected at Paopao Bay, on the north shore of the island of Moorea, French Polynesia (Fig. 1) . The site is one of twelve reef-lagoon-pass systems on Moorea, and it is typical of many other high island reef systems. The bay is about 4 km long and 1 km wide, surrounded by land on three sides, and separated from the adjacent open ocean by a relatively narrow (,10 m wide) reef crest. The main axis of the bay runs approximately north-south and opens to the ocean at Avaroa Pass. The bay has a mean depth of ,25 to 30 m, and it is surrounded by 500-to 900-m-tall mountains on the east, south, and west sides. Inside the deeper areas of the bay, the bottom is flat sand and silt. Coral colonies are distributed throughout the shallower lagoon edges, back reef, and the fore reefs. On the seaward side of the reef crest, the fore reef is composed of low (,1 to 5 m) coral spur-and-groove formations spaced at roughly 100-m intervals alongshore. Most of the shallow fore reef is characterized by continuous cover of branching coral colonies of mainly Pocillopora spp. and Acropora spp. (Adjeroud 1997) . The fore reef is comparatively steep, with average slope of roughly 1 : 8, although there are large variations in slope depending on position relative to the spurs and grooves. The reef crest, which is covered with a mix of corals, pavement, and macroalgae, such as Turbinaria ornata and Sargassum spp., is raised up by about 1 m relative to a 10-m-wide rubble-strewn region immediately inshore. Further inshore, the coral cover is a mixture of semi-isolated coral heads (mainly Porites spp.) up to several meters in diameter that extend through the water column in the shallow (1 to 3 m) back reef area; the spacing of coral heads varies with distance from the reef crest, but two nearly continuous bands of coral can be identified roughly 50 and 500 m from the reef crest. Continuing inshore, the spacing between coral heads increases and eventually gives way to a sandy plain that descends into the relatively deep channel near the shore. Freshwater input to the system is primarily from the Paopao Valley at the south end of the deep bay, where a seasonal stream feeds into the bay. The stream is ungauged, but we expect the volumetric flux to be much smaller than the wave-driven fluxes discussed herein.
Measurements-Continuous physical measurements were made during austral summer between December 2004 and February 2005 at a set of six moorings (summarized in Table 1 ). Given the approximate symmetry of the system (Fig. 2) , the mooring array was concentrated on the west side of the lagoon. The mooring locations were selected to measure the offshore currents (Sta. A), the incident wave forcing (Sta. B), the resulting currents over the reef and within the lagoon (Stas. C-E), as well as in the reef pass (Sta. F). On the fore reef, two upward-looking, 600 kHz acoustic Doppler current profilers (ADCPs, RD Instruments Workhorse) were deployed to measure offshore velocity profiles at 15-m and 42-m depths. The 15-m ADCP also burst sampled at 2 Hz for 20 min each hour to compute wave statistics. Inshore of the reef crest, upwardlooking, 2 MHz acoustic Doppler profilers (ADPs, Nortek AquaDopp) measured velocity profiles at 2-m depth (Stas. C and D). Water temperature, salinity, and pressure were also measured at Sta. C every 5 min with a pumped conductivity-temperature-depth sensor (CTD, Sea-Bird SBE-37SMP). Additional 600 kHz ADCPs were deployed in the deep lagoon (Sta. E) and in the reef pass (Sta. F). Water-temperature profiles in the pass were measured with a vertical string of five thermistors (RBR TR-1050) spaced 1, 15, 20, 25, and 30 m above bottom and recording every 30 s. Velocity, temperature, water level, and salinity spectra were computed using a multitaper method (Percival and Walden 1993) . Directional wave statistics were computed from ADCP data using RDI's Waves firmware (RD Instruments 2003) , which implements the method of Terray et al. (1990) . The ADCP data from the reef pass were used to compute volume fluxes, Q pass , by vertically summing the product of along-channel velocities and the corresponding cross-sectional area of the pass at each vertical bin according to 
Results
Wind and wave conditions-Wind were typically light (,5 m s 21 ) and variable, but generally from the NE (Fig. 3a) . Surface gravity wave spectra from the fore reef showed that the wave forcing was highly episodic, with swell events that typically lasted several days (Fig. 3b) . For nearly all the swell events, a narrow band of long-period (T . 20 s) waves arrived first, followed by a broader band of shorter-period waves. The pattern of negatively sloping wave spectra contours shows the dispersive nature of the swell and is consistent with the arrival of remotely generated waves from the North Pacific during the austral summer (Bromirski et al. 2005) . Near the end of the observational period, an example of local wind wave generation was seen, with short-period waves preceding longer-period swell. The wave spectra were dominated by long-period swell (15-22 s), and significant wave heights, H s , ranged from 0.85 m to 2.60 m (mean 1.3 6 0.31 m, where 6 indicates standard deviation about the mean). Significant wave periods, T s , ranged from 8 to 22 s (mean 14.5 6 2.6 s). Wave directions ranged from 320u to 5u (mean 345u 6 7u), with a general pattern of veering eastward during swell events, tracking with the movement of storms across the North Pacific. Currents in the lagoon near the reef crest and in the pass were strongly coupled to the offshore wave forcing ( Fig. 3b ) and had little connection to the winds. As expected from theory (Symonds et al. 1995; Hearn 1999) , the subtidal water level in the lagoon also responded to the waves, setting up by as much as 0.3 m, a change in depth that can exceed that due to tides (Fig. 3c ).
Spatial variability in currents-Mean velocity profiles at the reef crest and reef pass (Fig. 4a,d) show moderate vertical shear. However, the magnitudes and vertical structure vary with the wave forcing. During a typical high-wave event, reef crest currents are strongly sheared, and the high shear region ends ,1 m above bottom and roughly corresponds to the top of the coral canopy (Fig. 4b) . During a typical low-wave event, mean reef crest velocities are more uniform over the depth (Fig. 4c) . In contrast, mean velocities in the reef pass are relatively weakly sheared during high waves and strongly sheared with a two-layer reversing velocity profile during low waves (Fig. 4e,f) .
To illustrate the horizontal structure of the velocity in the system, variance ellipses (Emery and Thomson 1998) and Eulerian mean velocities were computed for each mooring location (Fig. 5a ). At the two offshore stations (A and B), the principal axes of the ellipses are aligned approximately in the alongshore direction. This alignment qualitatively agrees with the data shown in Delesalle et al. (1998) . Variances were larger at the surface than at the bottom, particularly at Sta. B, which was most likely influenced by the spur-and-groove fore reef morphology. Immediately inside the reef crest (Sta. C), the variance ellipse alignment is nearly perpendicular to the offshore ellipses, reflecting the greatest variance in the across-reef direction. This was also true on the back reef (Sta. D). In the deep lagoon (Sta. E), velocities were more rectilinear and aligned parallel to the bathymetry. The reef pass (Sta. F) variances were closely aligned with the bathymetry, where velocity variances at the bottom were substantially larger than those near the surface. Since the baroclinic pressure gradient increases with depth while the barotropic pressure gradient is depth invariant, the relative importance of baroclinicity is greater near the bottom than at the surface. The resulting observed velocities are unidirectional (out of the pass) at the surface, but they oscillate at the bottom (into and out of the pass) due to the interplay between the wave-driven barotropic pressure gradient and the baroclinic pressure gradient.
Eulerian mean velocities (Fig. 5b) show a pattern of weak offshore net flow (Stas. A and B) at both surface and bottom. The net velocity was westward at both offshore stations. At the reef crest and back reef stations, mean velocities were much stronger and directed in the acrossreef direction. Overall, the flow near the reef crest was always into the lagoon, with high variability in across-shore direction due to episodically strong mean flows. In the lagoon, the flows were always directed toward the pass. Finally, completing the circuit, the depth-averaged velocity in the pass was outward. While the mean currents were strongest at the surface, near-bottom currents were more variable; as we will discuss later, this was likely a consequence of exchange flow dynamics in the pass.
A comparison of velocities at Stas. C and D for the period of time when both stations were occupied shows that velocities were not necessarily higher close to the reef crest. A simple linear regression of the depth-averaged across-reef velocities at Sta. C with those at D gives U D 5 (1.36 6 0.006)U C (r 2 5 0.86). While the velocities may be quite different, the across-reef fluxes at the two stations are relatively close: q D < (1.05 6 0.005)q C (r 2 5 0.87). Thus, the velocities do not decay with distance from the reef crest in a simple way.
Tides and water mass properties-Although much of the variability is episodic, the circulation does have periodic components. Power spectra were computed for water level, temperature, salinity, and velocity at Sta. C near the reef crest (Fig. 6) . The water-level spectrum (Fig. 6a) is dominated by a peak in the semidiurnal band. The largest peak is at the S 2 frequency (period 12.00 h), with a smaller peak at the M 2 frequency (period 12.42 h), and a significantly smaller peak at the O 1 frequency (period 25.82 h). The observed tides in Moorea are remarkably small (on the order of 0.2-m amplitude at spring tide), resulting from its location within the South Pacific amphidromic system (Luther and Wunsch 1975; Egbert et al. 1994) . Moorea is located closer to the M 2 amphidrome than the S 2 amphidrome, and thus the S 2 tide is the dominant tide. Therefore, the spring-neap cycle is a somewhat unusual modulation of S 2 by the much smaller M 2 constituent. One result is that the overall tidal phase with respect to the sun stays nearly constant, and high tide occurs close to noon and midnight each day (Belcher 1843) . The dominant peak in the reef crest temperature spectrum (Fig. 6b) is close to the K 1 frequency (period 23.93 h), suggesting that periodic crest water temperatures are dominated by diurnal solar heating and cooling. Mean water temperature was 28.66 6 0.34uC. Salinity varied little during the observational period (mean 35.98 6 0.14), exhibited no marked spectral peaks (Fig. 6c) , suggesting that salinity changes are largely due to episodic events. Velocity spectra (Fig. 6d) in the across-reef direction show a similar pair of semidiurnal peaks, but no corresponding peak in the diurnal band, suggesting that diurnal surface water temperature fluctuations are largely local, rather than by advection. The along-reef velocity spectrum is nearly white, showing no obvious periodicity at these frequencies. At quarter-diurnal frequencies, there were peaks in water level, temperature, salinity, and across-reef velocities; however, the peaks were approximately two orders of magnitude smaller than the main M 2 and S 2 peaks. Thus, the generation of quarter-diurnal motions was small, in contrast to previous studies (Symonds et al. 1995; Kraines et al. 1998) , and probably due to the comparatively weak tidal modulation in this system. Current response to wind and wave forcing-To permit a more detailed look at the relationship between wind and wave forcing on the circulation, we removed tidal effects with a low-pass filter (frequency cut-off, f c 5 0.8 d 21 ) on the data (Fig. 7) . Wave forcing was represented using an empirical model (discussed later) to show the combined effect of wave height and period. Casual examination of the time series shows that the subtidal response to wind is weak, whereas the waves appear to play the leading role in forcing both the setup and circulation at all inshore stations (Stas. C, E, and F; Fig. 7c,d ). In contrast, flows on the fore reef (Sta. B; Fig. 7e ) show little effect of wind or waves.
To quantify the relation between forcing and response, we computed the correlation at zero lag (Table 2 ). We will consider the wave response in detail later, but on the basis of this analysis, we found that the empirical dimensional parameter H 1:6 s T 1:7 s best explains variability in the currents, and so we used it to compute the correlation of currents and waves. Significance of these correlations at the 95% confidence level was computed based on the real number of degrees of freedom, taken to be the record length in days. Currents at the inshore stations were all strongly positively correlated with the waves (r 2 < 0.9). Cross-shore currents on the fore reef (Sta. B) were negatively correlated with wave forcing. This is to be expected, since conservation of the total transport (Eulerian mean plus wave transport) implies a possible reduction or even a reversal in the crossshore currents prior to breaking (Monismith and Fong 2004) . In contrast, significant correlation between winds and currents directed parallel to the reef crest, and generally parallel to the prevailing winds, was found in the shallow lagoon (Sta. C), and for currents directed across the deep inshore channel (Stas. E and F). The importance of wind for the shallow lagoon (Sta. C) is easily understood as an example of wind-forced flow in shallow water bodies (Geyer 1997) , whereas the reason that the direction of the currents in the channels should change with the winds is not so clear. Finally, the alongshore flow offshore appears largely remotely forced and somewhat independent of local wind-or wave-driven circulation (Fig. 7e) .
Fluxes through the system-The unit flux of water over the reef crest, q reef , and the net volumetric flux in the pass, Q pass , both had positive values for the entire observational period, such that total flux was always directed into the lagoon and out the reef pass (Fig. 8) . Flux values in the pass ranged between ca. 500 and 2500 m 3 s 21 . Assuming that the water entering the lagoon over the reef exits the reef pass, we can define a water budget of Q pass 5 q reef w reef , where w reef is the alongshore width of reef (or ''capture zone'') required to account for the flux in the pass. An estimate of w reef can be obtained by regressing Q pass against q reef . Fitting a linear model to these data (r 2 5 0.83) provides a slope corresponding to a reef width w reef 5 2300 m. For comparison, an estimate of the flux in the pass due to tides alone can be made using a tidal prism calculation. Assuming a 6-h half-tidal period, a tidal range of 0.2 m, and a wetted lagoon surface area of 5.0 km 2 (equal to the boxed area inside of the reef crest in Fig. 2 ), we find a mean tidal flux of 50 m 3 s 21 , or about an order of magnitude smaller than the lowest flux values observed during the experiment. De-tiding the fluxes by subtracting resynthesized tidal harmonics (Pawlowicz et al. 2002) improved the correlation of Q pass with q reef by less than one percent. Collectively, these results demonstrate that wave-driven fluxes strongly dominate over tidal fluxes, at least during the austral summer.
The connection between the reef crest flow and the pass flow can also be seen in the observed temperatures. Data from the reef crest (Sta. C), where ''new'' ocean water enters the lagoon, was compared with near-surface water exiting the system via the reef pass (Sta. F) by computing lagged cross-correlations (Emery and Thomson 1998). The peak was at ,2.5 h, with a correlation of 0.90. This timescale corresponds to an average advective speed of 0.3 m s 21 , consistent with the velocity data.
Stratification effects on exchange-While the net flux through the reef pass was always seaward, when the waves were weak there was significant vertical shear leading to reversal in flow direction over depth (Figs. 3, 4) . To examine the relation between shear and the mean flow, the vertically varying reef pass fluxes were analyzed using empirical orthogonal function (EOF) analysis (Preisendorfer 1988), where spatial patterns in the flow are reduced to a small number of characteristic shapes called modes. The first EOF mode (Fig. 9a) explains 95.6% of the variance and can be attributed to the barotropic component of the flow, with increasing magnitude with distance above bottom. The second EOF mode (Fig. 9b) explains 3.9% of variance, and it exhibits the two-layer shear flow expected of a baroclinic exchange flow driven by lagoonocean density gradients. This result is similar to the estuarine modal analysis reported in Stacey et al. (2001) . Moreover, when the first mode is strong, the second mode is weak, and (relatively speaking) vice versa (Fig. 9c) . Thus, the wave-driven setup and circulation play the role usually done by tides in modulating the strength of baroclinic exchanges. However, in the present case, the modulation is highly episodic rather than periodic.
The physical mechanism for the time variability in the first two observed EOF modes can be examined in more dynamical terms with the analysis proposed by Armi (1986) and Armi and Farmer (1986) , who analyzed two-layer exchange flows of two homogeneous water masses passing through contractions and over sills. Their analyses show that criticality and likely control of the exchange flow by a sill or contraction (the reef pass has both) are determined by the composite internal Froude number
where g9 5 g(r 2 2 r 1 )/r 2 , and u i , d i , and r i are alongchannel layer-average velocities, layer thicknesses, and densities, respectively, for vertical layers i 5 1, 2. Here, g9 was computed assuming that density differences in the two layers were entirely due to thermal stratification. As noted previously, there can be intermittent terrestrial freshwater input to the system, which was unquantified during the experiment. Thus, our estimates of G 2 are likely to be an upper bound. As we observe (Fig. 9d) , during high-wave periods when G 2 . 1, denser water from offshore does not enter the lagoon through the pass, and thus the water column in the pass is unstratified. Conversely, during lowwave periods, G 2 , 1, the pass is stratified and supports a two-layer exchange flow. According to inviscid two-layer internal hydraulics, the flow through the pass must be controlled in both cases. In the first case, it would appear that the ADCP must be located offshore of the actual control, which is to be expected when there is a strong barotropic flow (Armi 1986 ). In the second case, frictional effects may be important: Gu and Lawrence's (2005) careful analysis of pure exchange flow with friction shows that G 2 in the throat is reduced (they show examples with G 2 < 0.6), thus reducing the overall exchange rate.
Discussion
Scaling of the wave-driven flow-The results presented here show that the circulation in the system is strongly coupled to the incident wave conditions. Given the importance of wave forcing, we wished to test predictions of existing wave-driven flow theories against these observations. Hearn (1999) presented limited data taken on Ningaloo Reef in Western Australia for which the measured across-reef velocity, U, was proportional to H 0:9 s , where H s was the measured significant wave height. Symonds et al. (1995) showed similar behavior, although they did not explicitly look at the functional relationship between U and H s . Symonds et al. (1995) , Hearn (1999) , and Gourlay and Colleter (2005) all presented theories for the wave-driven flow based on the radiation stress approach of Longuet-Higgins and Stewart (1964) . The fundamental idea is that as incident waves break, their momentum is transferred into a mean setup of the water surface at the reef crest, which drives a barotropic flow across the reef flat and into the lagoon. Assuming an incident long wave height H 0 , Hearn (1999) predicted a setup of the mean free surface at the end of the region of wave breaking given by the expression (Hearn 1999, eqs. 12-16) 
where g r is the setup. On the reef flat, the first-order momentum balance is between the free-surface pressure gradient force and bottom friction. Symonds et al. (1995) assumed that the pressure gradient can be calculated by assuming that the free-surface elevation drops uniformly from the value given above to h r , the at-rest depth of the reef flat. Hearn (1999) allowed the depth to vary between h r and h r + g r , although if g r ,, h r , we can assume
so that
where L r is the reef flat length and C D a drag coefficient. Note that this implies that U is not linear in H 0 . Hearn's (1999) analysis is easily modified to account for the fact that as the wave shoals, its amplitude will change from what is measured farther offshore in water of depth h 0 . A more substantial, but also easily overcome, difficulty with the theory in Hearn (1999) is that the definition of H 0 is ambiguous, since a given offshore wave condition (specified height and period) will produce different wave heights at different breaking distances offshore as the waves shoal. If one applies linear wave theory and assumes no damping, it is easily shown that (Dean and Dalrymple 1991) the appropriate value of H 0 is
where H s and T s are measured offshore in deep water, c b is the ratio of wave height to water depth at breaking, and h is the angle between the wave crests offshore and the reef crest. This expression makes use of the fact that the radiation stress depends on the root mean square (rms) wave height, H rms , and that H s^ffi ffi ffi 2 p H rms . Note that this implies that U depends on H s and T s . Thus, correlations of U vs. wave height are only likely to be good if the range of wave periods on a given reef is small. Fig. 8 . Regression of observed flux of water entering the lagoon over the reef crest per unit reef length, q reef , against the observed volumetric flux of water exiting the system through the reef pass, Q pass . The slope of this line represents the ''capture zone'' or alongshore width of reef, w reef , supplying flow to the pass. Fig. 9. (a,b) Vertical profiles of first two EOF modes computed from along-channel transports in the reef pass; (c) time series of EOF modal amplitudes; and (d) time series of composite Froude number, G 2 , computed from Eq. 3 using observed pass velocities and stratification. Gourlay and Colleter (2005) proposed a different model for wave breaking that yields a setup (in the absence of reflection from the fore reef and transmission over the back reef) of
where K p is a constant that empirically reflects the details of breaking on the particular geometry of the reef. Again, the wave period T s enters into this expression because H s is assumed to be measured offshore in deep water. Thus, for small g r , Gourlay and Colleter (2005) 
In either model, the effects of flow resistance on the return path from the back reef and lagoon out the reef pass are accounted for in the choice of C D L r .
To examine these models of wave-forced flow, we first looked at the mean setup of the water level between fore reef (Sta. B) and reef flat (at Sta. C). To establish a datum, we assumed that this difference should be zero in the absence of the waves. Thus, wave setup was computed by first subtracting the mean water depths over the record for each station. These values were then adjusted by a constant offset obtained from the linear regression of velocity at Sta. C squared and setup, such that the regressed line passes through zero. Note that this relationship is linear, so the offset only affects what the apparent setup would correspond to at zero velocity (if it were ever zero). As seen in Fig. 7 , the difference in water level between Stas. B and C closely mirrors the flow and can be more than 0.3 m. The difference in water level between fore reef and reef pass is much smaller, although for the largest wave and flow event around 20-21 January 2005, there is also a small freesurface setup along the reef pass; presumably this is required to balance bottom friction in the pass. Note that when the wave-driven flow is weak, the setup along the reef pass should reverse directions, since the flow near the bottom is moving into the bay in that case.
The connection between the wave-driven flow and setup is remarkably strong and is well predicted (r 2 5 0.93) by a quadratic drag law (Fig. 10) . Given L r < 500 m, and h r < 2 m, the fit suggests that C D < 0.1; this value is higher than Reidenbach et al. (2006) found for a fringing reef but comparable to values selected to calibrate numerical models of coral reef circulation (Black and Gay 1990; Kraines et al. 1998 ). In the case of Paopao Bay, this drag coefficient represents the integrated effects of bottom roughness of all kinds from sand flats near the deep lagoon channel to back reef coral bommies and dense arrays of rock and coral near the reef crest.
Thus, the connection between waves and currents depends on what determines g r . We computed predicted values using methods from both Hearn (1999) and Gourlay and Colleter (2005) , the former modified to account for the depth of wave measurement. We also looked at the grouping I~H s cos h ð Þ 1=2 m T n s as a possible empirical predictor for g r . For example Gourlay and Colleter (2005) suggested m 5 2 and n 5 1. The maximum correlation between I(m, n) and g r was found for m 5 3.2 and n 5 3.4. Using bootstrapping to establish the uncertainty in the correlation at this value of m and n, we estimate that both empirical exponents have an uncertainty of 60.2; thus, the observed dependence is significantly different from both Hearn (1999) and Gourlay and Colleter (2005) . From deepwater linear wave theory, we know that the group speed and wave energy flux are related to wave height and period as c g E!H 2 s T and to the wave number as kH s !H s T 2 . So, if we look for a proportionality of the form
with m 5 3.2 and n 5 3.4, and solve for a and b, we get
i.e., a dependency on both shoreward energy flux and offshore wave steepness. Neither of the two models contains a dependence on kH s . The substantial difference between observations and the above theories is clearly shown by scatter plots of the three ''models'' over the range of wave conditions observed (Fig. 11) . Note that the similarity of the models from Hearn (1999) and Gourlay and Colleter (2005) stems from calculation of an effective H 0 , which depends on wave frequency and the depth that the wave measurements were made. There is, however, a systematic difference, since the Gourlay and Colleter (2005) observed g r to theoretical models have r 2 values of 0.46 (Gourlay and Colleter model) and 0.56 (Hearn model) , whereas the empirical fit has a strong dependency on wave period and yields r 2 5 0.83. Grouping the data by wave period shows a systematic pattern in the discrepancy between the wave theories and observations (Fig. 11) .
Thus, it appears that existing theory does not entirely account for the effects of breaking and wave period on the Moorea fore reef. There are several factors that may be important. Firstly the angle of the Moorea fore reef slope is quite steep; Wiegel (1964) showed experimental evidence that the ratio of wave height at breaking to local water depth depends on bottom slope and offshore wave steepness. The model by Gourlay and Colleter (2005) does not permit wave shoaling but does account for this effect indirectly via an empirical reef profile factor (Gourlay 1997 ) that may not be generally applicable. Secondly, Moorea's reef crest, essentially a 1-m-high by 10-m-wide ridge that separates the fore reef from the lagoon, should significantly influence the waves after breaking. This causes the surf zone to be quite narrow, where the waves shoal and break once just offshore of the reef crest. Thus, dramatically less wave energy remains in the nonlinear waves that result from breaking and propagate across the reef flat. This is different from Kaneohe Bay, where the Hearn (1999) model may be a better fit, since the surface zone can be relatively broad, and there can be significant wave energy left after breaking (Lowe et al. 2005) . Clearly, the significant difference between theory and observation deserves further attention.
Overall circulation-The ocean-lagoon interaction in Paopao Bay is quite different from the traditional tidal circulation and exchange that depend on asymmetries in ebb ( jet) and flood (sink) circulation patterns (Stommel and Farmer 1952; Hench and Luettich 2003) . In the present case, water enters the lagoon over the reef crest at nearly the same rate and at the same time as which it is exported from the reef pass. While the Stommel and Farmer tidal model shows net exchange as the result of an asymmetry between a broad inflow and a narrow outflow, as in the present case, the tidal variation in flow is critical, since the exchange takes place through a single pass. The estimated reef capture zone width (w reef 5 2300 m) corresponds to the midpoint between adjacent passes on the north shore of Moorea (Irihonu Pass to the east and Tareu Pass to the west). This suggests dividing streamlines midway between the passes, and, potentially limited hydrodynamic connectivity between different regions of the inner lagoon. The implications for net exchanges of materials between reef lagoons and the adjoining ocean and ultimately biological connectivity among different systems on an island like Moorea remain to be elucidated.
Our results also point to the importance of episodic remote forcing in determining the exchange characteristics of coral reef-lagoon systems. Unlike astronomical tides, for which the strength of the modulation of tidal forcing is mainly fortnightly, and largely predictable, in the case of many reef systems the variation is highly episodic, modulating over an annual cycle. For Paopao Bay, the principal forcing during the austral summer is remotely generated long-period waves, such that periods of strong wave-driven circulation and exchange tend to align with periods that are stormy in the North Pacific, i.e., approximately six months beginning in the late austral spring and lasting until to late austral autumn. The time course and periodicity of transport in this system, thus, are quite different than those in a predominately tidally forced system. Whereas a system with strong tidal forcing should experience predictable exchange through the tidal cycle, and potential modulation through the lunar cycle, in a system such as the north shore of Moorea, the seasonal variability in water exchange is associated with offshore wave climate, as well as episodic variability associated with individual swell events.
Much of the alongshore variability offshore is likely due to the prevailing regional circulation, which is dominated by the South Equatorial Current (SEC), which near Moorea is generally weak and highly variable but typically flows toward the southwest during the austral winter (Kessler and Taft 1987; Martinez and Maamaatuaiahutapu 2007) . Typically, small remote islands are embedded in the regional ocean circulation, and thus the linkage between small reef-lagoonal systems and the regional circulation is also likely important. Collectively, these remote forcings and the resulting local circulation may have significant, unexplored consequences for biological processes such as recruitment dynamics, particle and nutrient fluxes, and flushing of terrigenous materials out of the inshore lagoon. An important implication of the strong effects of offshore wave forcing for circulation in the lagoon and back reef is that the variation among days and seasons is strongly tied to offshore wave climate. Similarly, spatial variation, for example, among shores with different exposure angles such as the north vs. west shores of Moorea, will also to be strongly tied to the relative exposure to openocean swell.
Circulation and exchange in coral reef-lagoons systems can be dominated by episodic, remotely forced events. Our observations in Paopao Bay on the island of Moorea in French Polynesia show the importance of waves in driving flows over the reef crest, through the lagoon, and back out the pass. Tides are comparatively weak in this system (due to proximity to amphidromic points), but they exhibit an unusual spring-neap cycle where the major solar tide (S 2 ) modulates the major lunar tide (M 2 ), and the overall tidal phase stays approximately constant. Wind seems to have only a secondary effect compared to that of surface waves, at least during the austral winter. A simple fluid mass balance indicates rapid (on the order of hours) flushing of the shallow back reef, the effluent of which is then exported through the reef pass. The circulation pattern of the system is antidispersive in the sense that ''new'' water enters the system from a broad-width reef crest and is then concentrated into deep narrow channels before being exported to the ocean in the reef pass.
The circulation dynamics in the reef pass exhibit a twolayer baroclinic exchange flow when wave-driven flow is weak, which is suppressed during large-wave events, suggesting that the pass acts as a frictional internal hydraulic control. We are unaware of any previous work showing how wave setup in conjunction with stratification can drive an exchange flow. This buoyancy exchange may be an underappreciated mechanism in coral reef-lagoon systems and could be an important transport mechanism for bringing deep, comparatively nutrient rich water into coral reefs.
The unusually weak tidal forcing in the system provided an opportunity to more closely investigate wave-driven circulation dynamics. As expected theoretically, there is a wave-driven setup of the free surface across the shallow lagoon. This setup drives a highly frictional flow across the lagoon, as evident by a large drag coefficient C D < 0.1. The setup is related to both wave height and period, although not in the functional relationship expected theoretically. Overall, the circulation and exchange between this coral reef system and the adjacent open ocean are largely determined by episodic remote-forcing events, and they differs significantly from classical periodic tidal-exchange mechanisms. There are hundreds of islands and atolls in the central and eastern South Pacific that are located in areas of relatively limited tidal amplitude but that are exposed to offshore wave forcing. Wave-driven circulation associated with offshore swell, and local wind forcing, are likely to be dominant modes of transport throughout this region. Episodic forcing events (e.g., wind, wave, buoyancy) can set the timescales for circulation and may strongly regulate or structure biological and ecological processes in these reef systems.
